13 mm PCT/PTC 1 4 JUL 1992 

1 

A p rocess for the simultaneous product ion of xylite^ 
and ethajioJ 



The present invention relates to a process for 
the simultaneous production of xylitol and ethanol. A 
hydrolyzed lignocellulose-containing material is used 
as a starting material/ and in accordance with the 
process the starting material is fermented with a 
yeast strain, whereafter the ethanol is recovered and 
a chromatographic separation is carried out on the 
fermented solution to obtain pure xylitol. 

Xylitol is a naturally occurring sugar alcohol 
which is formed in the reduction reaction of xylose 
and which corresponds to "normal" sugar in sweetness 
and caloric content (4 kcal/g). Xylitol is found in 
small quantities in many fruits and vegetables and is 
also produced in the human body as a normal metabolic 
product- Xylitol is a very good special sweetener in 
different connections on account of its certain meta- 
bolic, dental and technical properties. It may be 
mentioned by way of example that xylitol metabolism 
is independent of the insulin metabolism, and there- 
fore also diabetics can use xylitol. Xylitol also has 
a retarding effect on the bowel, wherefore it may 
have utility in reducing diets. Furthermore, it has 
been found that xylitol does not cause caries but has 
a cariostatic effect. 

Despite the many advantages of xylitol, its use 
has been rather restricted. The reason for this is 
the relatively high price of xylitol, which in turn 
is a result of the difficulties of producing xylitol 
on a larger scale. 

Ethanol is a well-known compound which has a 

wide use. 

Xylitol has earlier been produced from xylane- 
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containing materials by hydrolyzation, in which pro- 
cess a monosaccharide mixture containing e.g. xylose 
t is obtained. Xylose is then converted to xylitol, 
4 r generally in the presence of a nickel catalyst, such 
5 as Raney nickel. A number of processes for the pro- 
duction of xylose and/or xylitol from a xylane-con- 
taining material have been described in the litera- 
ture in this field. As examples may be mentioned U.S. 
Patent 3 784 408 (Jaffe et al.), U.S. Patent 
10 4 066 711 (Melaja et al.), U.S. Patent 4 075 406 
(Melaja et al.), U.S. Patent 4 008 285 (Melaja et 
al. ) and U.S. 5 Patent 3 586 537 ( Steiner et al . ) . 

These prior processes are all multi-step pro- 
cesses which are relatively costly and have in- 
15 adequate efficiency. The greatest problems reside in 
the effective and total separation of xylose and/or 
xylitol from polyols and other hydrolysis by-products 
and the use of the by-products which are produced in 
large quantities in the process. The purification is 
20 very exacting for instance on account of the fact 
that the catalysts used in the reduction reaction of 
xylose are very sensitive. The purity of the final 
product for its part is greatly dependent on that the 
xylitol can be separated from the other products pro- 
25 duced in the reduction reaction. 

It is known that several yeast strains produce 
reductase enzymes which catalyze the reduction of 
sugars into corresponding sugar alcohols. Certain 
^analda - strains have been reported to produce xylitol 
30 from xylose ( Ditzelmuller , G. et al.: FEMS Mlcrobxo- 
logy Letters 25 (1985), pp. 195 - 198, Kitpree- 
chavanich, M . et al . : Biotechnology Letters Vol. 6 
(1984), pp. 651 - 656, Gong, C-S. et al.: Biotechno- 
logy Letters Vol. 3 (1981), pp. 125 - 130). However, 
35 these studies have been carried out on a laboratory 
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scale only, and the literature in this field has not 
disclosed processes wherein crystalline pure xylitol 
is separated from the fermentation product. 

«gfre— - A pplican t s T ^upending Hr-frr a£gjj-ga 

-2-9- 7 791 - — £ £led on Janutrry ~ 17 - — 108jg^ describes a pro- 
cess for the production of pure^ crystalline xylitol 
from plant material using chromatographic separation 
following hydrolysis and fermentation. However, in 
this process the majority of ^ the raw material is lost 
as a worthless waste material. If a greater part of 
the raw materials could be converted to commercial 
products, this would essentially improve the economy 
of the overall process. 

It is known that ethanol can be produced from 
cellulose and hemicellulose by fermenting with a 
suitable yeast strain. The production of ethanol from 
D-xylose has been described for instance in U.S. Pa- 
tent 4 368 268 (C-S. Gong), which publication par- 
ticularly relates to the manufacturing of mutants 
which produce ethanol in high yields, and in Biotech- 
nology and Bloenglneering Symp. 12 (1982), pp. 91- 
102, McCracken, L. & Gong, C-S., wherein fermentation 
is performed with thermptolarant yeasts. 

A i-T Hias 4iow been found th at xylitol and ethanol 
can be produced simultaneously by using the process 
of the invention wherein xylose is converted to xy- 
litol, while the^ ^majority of the other ^hexoses 
present ^in the raw material are converted to etha- 
^nolT^Thus the raw material is effectively utilized 
and two^~commercially very important products are ob- 
tained in a pure form and with a high yield. The pro- 
cess is simple and effective. 

The process of the invention is characterized 
in that the hydrolyzed starting material is fermented 
with a yeast strain, the ethanol produced is re- 
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covered, a chromatographic separation is carried out 
on the remaining xylitol solution, and pure xylitol 
is crystallized. Xylose-containing substances are 
used as starting materials, which in accordance with 
5 the invention are fermented with a yeast strain that 
is capable of converting xylose to xylitol and most 
hexoses to ethanol - By fermentation, a xylitol-rich 
solution is obtained wherefrom xylitol is recovered 
in a simple way. Laborious and complex separation 
10 steps (such as the conventional ion exchange, de- 
mineralization, precipitations etc. ) are not needed, 
but generally the xylitol can be purified in a single 
step chromatographically, whereafter it is crystal- 
lized to obtain pure xylitol. Ethanol is easy to 
15 remove from the fermentation solution for instance by 
evaporation. Thus the need for separating xylitol 
from the hexitols and other sugars produced in the 
hydrolysis and reduction steps is avoided. The 
hydrolysis performed in accordance with the invention 
20 also provides a solution to the problem of using pulp 
discarded as waste mass r in other processes, and thus 
in the process of the_.lny-e.P-ti.Q-P.—- sub stantially .the 
e nti re starting material^ jLs_ utilized . 

^7 Almost any xylane-containing material can be 
25 used as a starting material in the process of the 
invention. Possible starting materials include^sof t-_ 
.^^oo^such a s b i rch, .„ beech,, _papXar, ,_al de r_e^ tc . , a n& 
plants or plant constituents, such as straw or hulls 
of wheat, corn, oat or barley, corn cobs and stems of 
30 corn, nutshells, bagasse, and cottonseed bran. When 
wood is used .as a starting material, it is advantage- 
ously comminuted or used as chips, sawdust, etc. and 
treated by ( hydrolysis or steam explosion and post- 
^* ' Frydr^IysTsT^ rffater^ 
35 ial useful in this invention is obtained;* — ~ ~ 
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In addition to the above, for instance by-prod- 
ucts which are formed in processing and production of 
woodpulp and which have a high xylane or xylose con- 
tent can be used. As an example may be mentioned the 
5 acid sulphite waste liquor produced in the manufac- 
ture of woodpulp by the sulphite process, said waste 
liquor containing small quantities of undissolved 
wood solids, and soluble substances such as lignosul- 
phonates, hexoses and pentoses, including xylose, and 
10 being a good raw material for use in the production 
of xylitol. Other by-products and waste products pro- 
duced in the processing of paper and woodpulp, such 
as prehydrolysates from the production of viscose 
mass and waste liquor from the so called neutral sul- 
15 phite process, which have a high xylane and/or xylose 
content, can also be used. 

The process of the invention employs an aqueous 
solution containing free xylose. Thus it may be ne- 
cessary to carry out an acid and/or enzyme hydrolysis 
20 on the starting material to break down the xylane 
into xylose. Processes for hydrolyzing xylane-con- 
taining materials to produce xylose-containing solu- 
tions have been described e.g. in U.S. Patents 
3 784 408 (Jaffe et al.) and 3 586 537 ( Steiner et 
25 al.). 

The starting material may, if desired, be pre- 
treated before the fermentation to remove constitu- 
ents which may be toxic or otherwise disadvantageous 
to the yeast. The necessity of the pretreatment step 

30 is dependent on the starting material used and the 
yeast used in the fermentation step. The pretreatment 
of the starting material may include for instance 
posthydrolysis, chromatographic separation, ion ex- 
change purification, precipitation, etc. 

35 The process chart is as follows: 
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hydrolysis 
fermentation 

5 

distillation -> ethanol 

chromatography 

10 | 

crystallization 

xylitol 

15 The hydrolysis can comprise two steps, prehy- 

drolysis of the cellulose-containing raw material, 
which may be effected using the so called steam 
explosion method, and the enzymatic hydrolysis of the 
polysaccharides and oligosaccharides to produce the 
20 corresponding monosaccharides. This step is carried 
out using enzymes which have a high cellulolytic and 
xylanolytic activity. 

The remaining solids, consisting for the most 
part of lignin, arB-^then-sep.arated from the solution 

25 obtained^ Alternatively, said solids and tfie" solids 

- produced in the fermentation, such as yeast, can be 
separated or collected after the next distillation. 

When relatively impure solutions are used as a 
starting material, pretreatment of the solutions may 
30 be necessary in some cases. The pretreatment may be 
e.g. posthydrolysis and/or separation of the cons- 
tituents which may be toxic and/or disadvantageous to 
the yeast employed or which have an adverse effect on 
the fermentation or separation steps. The pretreat- 
35 ment may also be combined with chromatographic sep- 
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aration, ion exchange purification, precipitation, 
etc. 

Thereafter, the solution is fermented with a 
suitable yeast strain. The invention employs yeasts 
that are capable of reducing xylose into xylitol and 
hexoses into ethanol and/or use hexoses for their 

genera ' Candid a, -Sieteire-, ^-Pecftysoten and ^Deborydhiyooa . 
^ Candida — anel — Prba ry" m y"'"" a — specie^ — par -fc icularly earr=" 
ft V dida — 1 " i li " 1l ' g ""^ — nphflTniPy r * PC! — hanconi* , are re- 
garded as advantageous . . Aa a good example may be men- 



American Type Culture Collection under the accession 
number ATCC 9968. 
15 The xylose content of the aqueous solution to 

be fermented is dependent on the starting material 
and process steps employed, but is advantageously 

about 50 - 300 g/1. 

The fermentation can be carried out in most 
20 commercially available fermentors which are furnished 
with aerating means and stirring and pH regulating 
means. The temperature is advantageously about 20 - 
40°C, most advantageously about 30°C. The yeast cells 
are added to t he xylose- rich solution. Generally, it 
25 can be said that the higher the yeast concentration, 
the faster the fermentation step is. It has been 
found that the yeast concentration is advantageously 
about 1 - 20 g of dry yeast/1 of substrate (dry 
weight) when the xylose content is about 50 - 300 
30 g/1. 

The fermentation can be enhanced by adding nut- 
rients, and it is continued until the most part of 
the xylose has been converted to xylitol and substan- 
tially all hexoses have been converted to ethanol 
35 and/or used for yeast growth. The fermentation gen- 
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erally takes about 24 - 144 hours, preferably 24 - 72 
hours. With the process of the invention, up to 90% 
of the xylose can be converted to xylitol. 

After the fermentation step, the solution is 
5 clarified prior to the separation of xylitol and eth- 
anol therefrom. The yeast cells are removed after the 
fermentation. This may be carried out by „Sgnt r i fuga-^ 
tion.,— f irtrHt^ori^or some other similar^^ocSaure^ 
When the yeast cells have been removed and the/ solu- 
10 tion is clear, the ethanol produced in the fermenta- 
tion is recovered by evaporation, distillation or a 
similar procedure. Alternatively, the removal of the 
yeast cells can be carried out after the distil- 
lation. 

!5 to recover xylitol, chromatographic separation 

is first performed. This is advantageously carried 
out in a column filled with a sulphonated polystyrene 
resin cross-linked with divinylbenzene in the alkali/ 
alkaline-earth form. A large-scale chromatographic 
20 method suitable for this purpose has been described 
in U.S. Patent 3 928 193 (Melaja et al.). The chro- 
matographic separation may also be carried out using 
a simulated mobile bed, as described in U.S. Patent 
2 985 589. A DVB cross-linked sulphonated polystyrene 
25 resin is used as a filler for the column. 

From the fraction having a high xylitol content 
obtained from the chromatographic step, xylitol can 
be crystallized with a good yield using conventional 
crystallization methods, such as cooling or evapora- 
30 tion crystallization. When cooling crystallization is 
used, xylitol crystals of an average diameter of 
about 30 \x are added as seed crystals to the con- 
centrated xylitol solution, whereafter the temper- 
ature of the solution is slowly decreased. The crys- 
35 tals obtained, the average diameter of which is about 



250 - 600 p, are separated for instance by centri- 
fugation and washed with water to obtain substantial- 
ly pure crystalline xylitol. 

The process can also be carried out in a pre- 

5 ferable alternative way so that the starting material 
is subjected to partial hydrolysis and extraction. 
The prehydrolysate obtained from the extraction is 
then fermented to convert xylose to xylitol, which is 
separated chromatographically and crystallized in the 

10 above-stated manner. A final hydrolysis is carried 
out on the extracted mass, the hydrolysis product is 
fermented to convert hexoses to ethanol, and ethanol 
is recovered in the manner described above. 

The invention is described in further detail by 

15 means of the following examples, which are not 
intended to restrict the invention. 



Example 1 

Production of ethanol and xylitol from birch 

20 chips 

A steam explosion treatment was carried out on 
birch chips at 215°C with a delay time of 4.5 minutes. 
The apparatus used is commercially available (Stake 
Technology, Canada) . 
25 30 kg of chips pretreated by steam explosion 

were suspended in 400 1 of water at 50°C in a reactor 
furnished with stirring means. The pH of the suspen- 
sion was regulated to 4.8 with a NaOH solution. The 
following enzymes were added into the reactor: 

30 

Cellulase Multifect L 250 4 FPU/g d.s. 

(Cultor) 



35 



Beta-Glucosidase Novozyme 188 5 IU/g d.s. 
( Novo ) 



Hemicellulase Multifect K 

(Cultor ) , 

containing 



10 



xylanase 18 U/g d.s. 
B-xylosidase 9 nkat/g d.s. 
esterase 2 nkat/g d.s. 



The reaction was started, and after three and 
six hours pretreated birch chips were added to the 
mixture to increase the solids content to 14% by 
10 weight. The hydrolysis was continued for three days 
at 50°C and at a pH of 4.8. The yield after the hy- 
drolysis was 16% of glucose and 12% of xylose on the 
dry weight of the pretreated chips. 

The solution was separated from the dry solids 
15 in a decanting centrifuge (Sharpies P 600). The fine- 
ly powdered matter was removed in a Westfalia Na7- 
06-076 separator, and the xylose-glucose solution was 
concentrated by evaporation . The pH of the concen- 
trate was 5.1, and the composition was the following: 
20 glucose 10.3% 
xylose 7 • 6% 

other monosaccharides 3.1% 
oligosaccharides 5 . 5% 

The total solids content was about 32%. 
25 The solution additionally contained salts of 

organic acids and small amounts of lignin decomposi- 
tion products, furfural, phenols and other organic 
substances . 

The , hydrolyzed, .product was fermented with the 
0- 30 yeast x - Cundida tropicalio - ATCC 9968. A New Brunswick 
Scientific Co If 250 fermentor was used, whereto gas 
analysis and mass spectrometric apparatus was con- 
nected . 

The fermentation solution contained: 
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60 1 



prehydrolysate 

(dry solids content about 32%) 



5 



1.5 kg 



Gistex yeast extract 

(steam sterilized at 121°C, 15 min. ) 



29 1 



water 



The inoculation cultures were grown 



in 



two 



10 stages, first in a 2 1 Erlenmeyer flask in an Orbi- 
tal Shaker at 30°C for 2 days, and then in a Microgen 
SF 116 laboratory fermentor having an operating 
volume of 11 1. The fermentor was aerated at a rate 
of 5.5 Nl/min. (0.5 WM) and stirred at a rate of 500 

15 rpm. The culturing lasted for one day. 

The actual fermentation was performed on a 
pilot scale, the operating volume being 100 1. The 
fermentor was aerated at a rate of 20 Nl/min. (0.2 
WM) and stirred at a rate of 100 rpm. The tempera- 

20 ture was maintained at 30°C and the pH at 6. Plurior © 
was used as an antifoaming agent. 

The fermentation results have been set forth in 
Table 1 . 
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After the fermentation, substantially all 
sugars had converted into xylitol or ethanol . 

Ethanol was recovered from the solution by dis- 
tilling the fermented solution in a conventional man- 
5 ner. The distillation apparatus was constructed of 
standard components (Corning Process Systems) which 
were of borosilicate glass, and the apparatus com- 
prised equipment for 15 separation steps as follows: 
boiler, 13 bubble plates and a feed plate between the 
10 fourth and fifth bubble plates seen from the top. The 
diameter of the column was 10 cm. 

The distillation was carried out at a pressure 
of 110 mbar at a feed rate of 10 1/h and with a re- 
flux ratio of 3:1. 110 1 of fermenting solution gave 
15 7.0 kg of distillate which contained 27.1% by weight 
of ethanol. The ethanol content of the bottom product 
was 0.02% by weight. 

The separation and, if desired, crystallization 
of xylitol were carried out as described in Examples 
20 2 and 3. 



Example 2 

^^j^ Production of ethanol and xylitol from sulphite 
■ waot-e- liquor 

25 A The starting material used was a sugar fr J^^£ n 

chromatographically separated from a sulphite^ ^str 
liquor (Finnish Patent Application 862273, U.S. 
Patent 4 631 129), containing a considerable amount 
of hexoses, mainly glucose. The composition of the 

30 solution prior and subsequent to fermentation is 
shown in Table 2 . 
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Table 2 



inqrediervt 


before f ermentation 


after 


dry solids, 






% by weight 


19 . 0 




oligosacch., % 






of dry solids 


14.8 


10.3 


glucose 


90.0 


1.4 


xylose 


42.0 


3.5 


arabinose 


5.0 


2.3 


xylitol 




25.4 


ethanol 




42.0 


arabinitol 




2.8 



after fermentation 
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The fermenting was carried out with a Debaryo- 
myces hansenii strain, and 3 g/1 of yeast extract, 3 
g/1 of malt extract and 5 g/1 of peptone were added. 
The pH of the solution to be fermented was initially 
20 about 6.0, the temperature was about 30°C and the fer- 
mentation was carried out in an Orbital Shaker ( 200 
rpm ) . 

The ethanol produced in the fermentation was 
recovered by distillation (50°C, 200 mbar), and a 
25 chromatographic separation was carried out on the 
remaining solution in a column filled with a divinyl- 
benzene-cross- linked polystyrene-based cation 
exchanger, in which connection the following condi- 
tions were used: 

30 

height of column 
diameter of column 
temperature 
flow rate (H 2 0) 
35 feed concentration 



4.0 
22.5 
65 
30 
30 



m 
cm 
°C 
1/h 

% by weight 




15 

feed volume 6 kg of solid matter 

resin: Finex C 09 

particle size 0.37 mm 

ionic form Na* 

5 

The results have been graphically presented in 
the figure. Xylitol was separated from xylose and the 
other impurities, and recovered from the xylitol-rich 
fraction, wherefrom pure xylitol was crystallized in 
10 the manner described in Example 3. 
Example 3 

Crystallization of xylitol 

Xylitol was crystallized from a chroma tographi- 
cally enriched xylitol solution containing 82.5% of 

15 xylitol on dry solids by evaporating the solution to 
92% by weight of dry solids at 65°C. Into a solution 
of a natural weight of 2 200 g, xylitol crystals of 
about 0.04 mm were inoculated in an amount of 0.03% 
by weight, and the solution was cooled in 55 hours to 

20 45°C in accordance with the following empirical 
equation: 

T = Tl - (t/tl)**2* (Tl - T2), wherein 

25 T temperature of solution, °C 
Tl = seeding temperature (65°C) 
T2 = final temperature (45°C) 
t = time from seeding, h 
tl = crystallization time (55 h) 

30 

The crystallization was carried out in a 2 1 
pilot crystallizer furnished with a vertical stirrer. 
65% of the xylitol present in the solution crystal- 
lized as raw crystals which were separated from the 
35 mother solution in a basket centrifuge (Hettich, Roto 
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Silenta II). 

During the centrif ligation, the crystals were 
washed with water (4% of water on the weight of the 
crystals). The centrif ugation time was 5 minutes, and 
5 a centrifugal force of 2 000 g was used. 1 510 g of 
natural weight of a crystal suspension was centri- 
fuged, which gave 705 g of crystalline dry solids 
having a xylitol content of 99.4% of dry solids. The 
average size of the crystals was 0.37 mm and the 
10 standard deviation 24%. 

The raw crystals can be recrystallized into 
product crystals by the method disclosed in Finnish 
Patent 69 296. 

15 Example 4 

Production of ethanol and xylitol fro m barley 

hulls 

Barley hull mass having the following carbo- 
hydrate composition was used as a starting material: 

20 xylan 21.6% of dry solids 

glucan 33 . 4 

arabinan 5 . 7 

galactan 1 . 4 

mannan 0 . 6 

25 rhamnan 0.2 

The barley hull mass was hydrolyzed at a pres- 
sure of 350 psi at 235°C, and the delay time was 2.0 
minutes. The hydrolyzed material contained 46.6% of 

30 dry solids, and the content of dissolved solids was 
34.2% on dry solids. The filtrate contained 12.7% of 
monosaccharides, 16 . 9% of acetic acid and 0.5% of 
furfural calculated on dry solids. Posthydrolysis was 
carried out on the filtrate by adjusting the pH to 1 

35 with sulphuric acid and by hydrolyzing the solution 
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for 4 hours at a pressure of one atmosphere at 100°C. 
The composition of the posthydrolysate was the fol- 
lowing: 

oligosaccharides 1.3% of dry solids 
5 monosaccharides 45.2%: 

- xylose 67.3% of the 

- arabinose 11 . 4% mono- 

- glucose 16.0% sacchar- 

- galactose 3.3% ides 
10 - mannose 1.5% 

- rhamnose 0 . 5% 
others 3.3% of dry r solids 
(e.g. furfural ) 

15 The fermentation of the posthydrolysate, the 

recovery of ethanol and the crystallization of xy- 
litol were carried out as described in the preceding 
examples . 

20 Example 5 

Production of ethanol and xylitol from oat 

hulls 

Oat hull mass having the following carbohydrate 
composition was used as a starting material: 
25 xylan 26.5% of dry solids 

glucan 30. 7% 

arabinan 3 . 0% 

galactan 1 . 3% 

mannan 0.2% 

30 

The oat hull mass was hydrolyzed at a pressure 
of 350 psi at 235°C, and the delay time was 2.0 min- 
utes. The hydrolyzed material contained 39.1% of dry 
solids, and the content of dissolved solids was 36.4% 
35 of dry solids. The filtrate contained 12.0% of mono- 
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saccharides, 12.9% of acetic acid and 0.5% of fur- 
fural calculated on dry solids. Posthydrolysis was 
performed on the filtrate by adjusting the pH to 1 
with sulphuric acid and by hydrolyzing the solution 
for 4 hours at a pressure of one atmosphere at 100°C. 
The composition of the posthydrolysate was the fol- 
lowing: 

oligosaccharides 1.3% of dry solids 
monosaccharides 63 . 1% : 

- xylose 69.0% of the 

- arabinose 6.9% mono- 

- glucose 19.1% sacchar- 

- galactose 3.1% ides 

- mannose 0.8% 

- rhamnose 1.1% 

others 2.8% of dry solids 

(e.g. furfural) 

The fermentation of the posthydrolysate, the 
recovery of ethanol and the crystallization of xy- 
litol were carried out as described in the preceding 
examples . 

Example 6 

Steam explosion and extraction of birch chips 
A steam explosion treatment was carried out on 
birch chips with a factory-scale equipment at a tem- 
perature of 215°C with a delay time of 4.5 minutes . 
The manufacturer of the equipment used is Technip, 
type of apparatus Stake II System. 

The steam explosion product was suspended in 
hot process water in a mixing container to produce a 
fibrous suspension of about 3.5%. Therefrom the 
slurry was directed via an overflow to form a smooth 
layer on a 5-phase band filter operating on the coun- 



tercurrent principle (type A 40-B25; manufacturer 
Filters Philippe; width of wire 2.7 m; wire supplied 
by manufacturer of apparatus). The solid mass was 
further extracted with hot water on the wire. 
The aqueous solution obtained had: 
dry solids content 8.7% by weight 
xylose monomers 1.1% of natural weight 

xylose oligomers 3 . 7% 

glucose 0.04% 
Example 7 

Enzymatic degradation of steam-explode d water- 
washed birch chip mass 

The composition of the steam-exploded (215°C/4.5 
min. ) birch chip mass (prepared in accordance with 
Example 6) used as raw material for the hydrolysis 
was the following: 
dry solids 32% 
cellulose 60% of dry solids 

xylan 3.6% 
lignin 25% 
(extractable in acetone) 
Klason lignin 12.3% 

90 kg of the above-described mass was weighed 
into a reaction vessel provided with a stirrer and a 
heating jacket and containing 370 1 of water. The 
mixture was heated to 50°C, the pH was adjusted to 4 . 8 
- 5.0, whereafter the enzyme solutions were added 
(1.24 1 of Multifect L 250, 0.11 1 of Novozyme 188 
and 0.09 1 of Multifect K). As activity units, the 
added quantities correspond to 6 FPU/g of cellulase, 
5 IU/g of B-glucosidase and 0.02 ml of growth solu- 
tion/g of mass dry solids of hemicellulase (18 U/g of 
dry solids of xylanase, 9 nkat/g of dry solids of B- 
xylosidase, 2 nkat/g of dry solids of esterase). The 
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reaction was allowed to continue under the conditions 
described above for 18 hours. Thereafter mass and 
enzymes were added in the same quantities as in the 
starting phase. A corresponding mass and enzyme addi- 
5 tion was repeated after 21 hours from the start. 
Thereafter the hydrolysis reaction was allowed to 
continue so that the total time was 40 hours. The 
enzyme action was then stopped by heating the mass 
mixture to 80°C for 10 - 20 minutes. In that connec- 
10 tion, the remaining solid matter was solidified and 
thereby made easier to separate. The solid matter and 
the solution were separated from one another by 
centrif ugation ( Pennvalt Sharpies P 600 model ) . The 
solution was further clarified by separating the re- 
15 maining fine precipitate in a separator (Westfalia 
model NA7-06-076). The solution was concentrated to 
33% for fermentation by evaporating with a Luwa evap- 
orator in vacuo at a temperature of 40 - 50°C. 

Hydrolysis yields of steam exploded, water 
20 washed birch chip mass in enzyme treatment: 



% in solution 



25 glucose 
xylose 

oligosaccharides 



3.3 
0.4 
0.7 



yield 

% of dry 

solids 

24.5 

2.6 



conversion 
% 



40.8 
72.0 



Composition of the clarified and evaporated 
30 enzyme hydrolysate solution: 

glucose 22.7% of natural weight 

xylose 2.7% 
oligosaccharides 4.7% 
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Example 8 

Fermentation of enzymatic hydrolysate of steam 
exploded, water washed birch chip mass into ethanol 

The hydrolyzed cellulose was fermented with a 

5 yeast Jfcj&W%A&&&fl ! &6? ATCC 9968 * A NSW Brunswick 
Scientific IF-250 fermentor was used. 

The fermentation solution contained: 
45 1 hydrolysate 
1.5 kg Gistex yeast extract 

10 40 1 water 

The inoculation cultures were grown in two 
steps, first in a 2 1 Erlenmeyer flask in an Orbital 
Shaker at 30°C for 2 days, then in a New Brunswick 
Scientific SF-116 laboratory fermentor having an 
15 operating volume of 11 1. The fermentor was aerated 
5.5 Nl/min. (0.5 vvm) and stirred at a rate of 500 
rpm. The culturing lasted for one day. 

The actual fermentation was carried out on a 
pilot scale, the operating volume being 100 1. The 
20 fermentor was aerated 25 Nl/min (0.25 vvm) and stir- 
red at a rate of 100 rpm. The temperature was 
adjusted to 30°C, and the foam was controlled with 
Plurior antifoaming agent. 

The results of the fermentation are set forth 
25 in Table 4. 

Table 4 

time (h) cell mass (g/1) glucose (g/1) ethanol (g/1) 

30 0 1.8 105.0 1.9 

19.5 11.3 0 51.2 

52 0 48.1 

66 0 45.0 



35 



In the course of 29.5 hours, the yeast consumed 
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all of the glucose in the substrate, producing 
ethanol therefrom with a yield of 48%. 

After fermentation, the yeast cells were sep- 
arated from the solution by centrif ugation (Westfalia 
5 NA7-06-076). The clarified solution was distilled to 
recover the ethanol . 

Example 9 

Recovery of ethanol from the fermentation prod- 
10 uct of enzymatic hydrolysate of steam exploded, 

water washed birch chip mass 

100 litres of fermented cellulose hydrolysate 
were distilled. The fermentation had been carried out 
in the manner described in Example 8 and clarified by 
15 centrif ugation in a Westfalia NA7-06-076 separator. 
The ethanol content of the solution was 3.4%. 

The distillation apparatus was constructed of 
standard components by Corning Process Systems which 
were of borosilicate glass. The diameter of the 
20 column was 10 cm. The apparatus comprised 15 separa- 
tion steps: boiler, 13 bubble plates and a feed plate 
between the fourth and fifth bubble plates seen from 
the top. The distillation was carried out at a pres- 
sure of 100 mbar, at a feed rate of 10 1/h and with a 
25 reflux ratio of 3:1. 8.5 kg of distillate were recov- 
ered, having an ethanol content of 36.0%. The ethanol 
content of the bottom product was 0.1%. 



